A rteriogenesis is a process of developing collateral circulation through the remodeling and growth of pre-existing collateral arteries after elevated shear stress induced by occlusion.
A rteriogenesis is a process of developing collateral circulation through the remodeling and growth of pre-existing collateral arteries after elevated shear stress induced by occlusion. [1] [2] [3] Arteriogenesis takes place both during embryogenesis and in adult tissues. In the latter case, arteriogenesis, which usually occurs at sites of occlusion or physical disruption of pre-existing arterial conduits such as coronary artery occlusion or femoral artery ligation, plays a vital role in recovery from ischemic insults. 4, 5 Understanding the biological factors that affect arteriogenesis will aid in the development of new treatments for patients with arterial stenosis and occlusions.
There are 2 commonly considered mechanisms for arteriogenesis: expansion of pre-existing collaterals and de novo arteriogenesis. 2, 6, 7 Inflammation caused by mechanical hemodynamic forces, such as shear stress and circumferential wall tension, is considered a pivotal trigger and driver for arteriogenesis. 4, [8] [9] [10] [11] Previous studies have shown that monocytes accumulated in the surrounding tissues of collateral vessels alter arterial occlusion. 7, [11] [12] [13] These macrophages are potent sources of cytokines and growth factors, which are required for natural adaptive arteriogenesis. In spite of a mounting number of putative arteriogenic factors, the exact mechanisms that regulate collateral remodeling are poorly characterized. Furthermore, the processes responsible for arteriogenesis, and its associated molecular signals are poorly understood.
AMP-activated protein kinase (AMPK) is a serine/threonine kinase composed of α, β, and γ subunits. 14, 15 The α subunit containing the α1 and α2 isoform is the catalytic subunit, whereas the β and γ are regulatory subunits that maintain the stability of the heterotrimer complex. As an energy sensor, AMPK is activated by various cellular stresses, such as hypoxia, nutrient deprivation, and oxidative stress. [16] [17] [18] Once activated, AMPK phosphorylates and regulates several downstream kinases that reduce energy demand and increase energy supply to maintain whole-body energy homeostasis. 19 In addition, AMPK also regulates many other cellular processes, including cell polarity, cell growth, and proliferation. [20] [21] [22] Emerging studies have demonstrated that AMPK is activated in response to shear or ischemic stress. 23, 24 AMPK signaling is required for angiogenesis in vivo and in vitro. [25] [26] [27] [28] However, there is no information on the consequences of AMPK deletion in arteriogenesis. In this study, we sought to examine the role
Results

AMPKα1 Regulates Plantar Perfusion Recovery After Hindlimb Ischemia
To investigate the role of AMPKα in arteriogenesis, AMPKα1 −/− , AMPKα2 −/− mice, and wild-type (WT) littermates were subjected to hindlimb ischemia brought about by femoral artery ligation, which reduces perfusion to the lower limb, resulting in ischemia in the calf (crural muscle). Blood perfusion in the hind paws (plantar perfusion) was quantified and normalized to sham control to compare various time points ( Figure 1A and 1B). The quantitation of perfusion recovery revealed that AMPKα1 −/− mice had a greater drop in perfusion than did AMPKα2 −/− mice, from 1 to 4 weeks after surgery, P value <0.05 ( Figure 1A ). However, there was no difference in perfusion recovery among the 3 groups of mice from 0 to 3 days ( Figure 1A ), implying that AMPKα1 deletion did not affect pre-existing collaterals, and that the impaired recovery in AMPKα1-deleted mice occurred only after 3 days.
AMPKα1 Deletion Impairs Adult Arteriogenesis and Angiogenesis
Next, we measured the diameter of collaterals in adductor muscle by histomorphometry. There was no difference in the baseline (de novo) diameter of collaterals between the 3 genotypes ( Figure 1C ; Figure IA in the online-only Data Supplement). However, the diameters of AMPKα1 −/− collaterals (46.25±2.09 μm) were markedly smaller than those of WT collaterals (78.67±3.82 μm) at 1 week post ligation ( Figure 1C ; Figure IA in the online-only Data Supplement), indicating that impaired perfusion recovery in the absence of AMPKα1 was likely ascribed to poor arteriogenesis.
During arteriogenesis, collateral vessels undergo extensive remodeling involving thickening of the tunica media, which is composed of α-smooth muscle actin-positive smooth muscle cells (SMCs), and extension of vessel diameter. Numbers and total areas of α-smooth muscle actin-positive collateral vessels were comparable in both genotypes at baseline, but lower in AMPKα1 −/− adductors after ischemia, compared with WT ( Figure 1D ; Figure IB and IC in the online-only Data Supplement). Based on the protocol, significant growth and the characteristic changes of collateral vessels occur at day 7 after artery occlusion. Therefore, we observe arteriogenesis at this time point. Whole-mount visualization of hindlimb arteries by pigment particle perfusion showed that the number of collaterals that grew to large caliber conduction vessels with a corkscrew pattern was significantly reduced (8.2±0.86) in the AMPKα1 −/− hindlimb 7 days after femoral artery ligation, compared with WT mice (14.2±1.43; Figure 1E and 1F). Compared with baseline (de novo) collateral vessel, femoral artery ligation induces expansion of pre-existing collateral vessels in both genotype mice ( Figure 1C and 1E) . The collateral remodeling involves the expansion of pre-existing collaterals and de novo arteriogenesis ( Figure 1C and 1F ). These data show that the collateral vessels of AMPKα −/− mice at baseline were similar to those of WT mice, but the capacity for arteriogenesis (expansion of pre-existing collaterals and de novo arteriogenesis) in AMPKα1 −/− mice is decreased after femoral artery ligation. In addition, we also observed capillary growth (angiogenesis) in ischemic calf tissues by endothelial immunofluorescent staining of the cross sections with anti-CD31 antibody ( Figure  IIA in the online-only Data Supplement). Consistent with our earlier study, 26 we found that capillary density was lower in calf tissues from AMPKα1 −/− mice than in those from AMPKα2 Because of impaired collateral vessel remodeling and angiogenesis, muscles from ligated limbs in AMPKα1 −/− mice exhibited more extensive areas of necrosis than those in control mice at day 7 after surgery ( Figure IIIA and IIIB in the online-only Data Supplement). By using a scoring system based on active foot movements, the functional outcomes of impaired revascularization in AMPKα1 −/− mice were further observed. Foot movements in the ligated limb were markedly reduced, P<0.05 at days 7, 14, 21, and 28 in AMPKα1 −/− mice compared with control mice ( Figure IIIC in the online-only Data Supplement), indicating that AMPK activity is required for proper vascular recovery after femoral artery ligation. + leukocytes ( Figure IVC and IVD in the onlineonly Data Supplement) were different between WT and AMPKα1 deletion mice 3 days after surgery. In contrast, the percentage of macrophages was more significantly reduced in adductor and calf tissues from AMPKα1 −/− mice than in their counterparts from control mice ( Figure 2E and 2F) , and the ratios of monocytes to macrophages were significantly higher in adductor and calf tissues from AMPKα1 −/− mice than ratios from control tissues ( Figure IVE and IVF in the online-only Data Supplement).Altogether, these results suggest that AMPKα1 deletion impairs monocyte to macrophage terminal differentiation in ischemic tissues.
AMPKα1 Deletion Reduces Accumulation of Macrophages in Ischemic Hindlimb
AMPKα1 Deletion Inhibits the Expression of Growth Factors in Macrophages
To further explore whether AMPKα1 deletion influences macrophage functions, macrophages were sorted from ischemic hindlimb tissue by flow cytometry, and their ability to generate growth factors was determined through real-time polymerase chain reaction. In addition, Western blot was utilized to determine protein levels in bone marrow-derived macrophages (BMDMs). As depicted in Figure 3A through 3E, both mRNA and protein levels of TGFβ, fibroblast growth factor (FGF)-2, VEGF, and platelet-derived growth factor subunit B were significantly reduced in AMPKα1 −/− macrophages, but not in AMPKα1 −/− macrophages. In addition, we measured the capability of macrophage to secrete soluble factors in WT and AMPKα1 −/− mice and found that there was a lower level of VEGF and TGFβ in AMPKα1 −/− BMDM supernatant than in WT BMDM supernatant ( Figure 3F and 3G) . We also detected levels of VEGF and TGFβ in circulation of mice with FAL. As shown in Figure IIC and IID in the online-only Data Supplement, levels of VEGF and TGFβ in circulation were lower in AMPKα1 −/− than in WT mice 3 days after FAL. Overall, these results suggest that AMPKα1 deletion inhibits the generation or secretion of growth factors in macrophages.
Next, we assessed the effects of macrophages isolated from WT and AMPKα1 −/− mice on the migration and proliferation of endothelial cells and vascular smooth muscle cells, the 2 main cellular components of arteries. Soluble factors released by both AMPKα1 −/− and WT BMDMs increased the migration and proliferation of vascular smooth muscle cells s ( Figure 4A and 4B). However, the ability of AMPKα1 −/− macrophage-conditioned medium to enhance the migration and proliferation of vascular smooth muscle cells was significantly lower than that of WT macrophage-conditioned medium ( Figure 4A , 4B, and 4D). Consistent with this, endothelial cells exposed to conditioned medium from AMPKα1 −/− macrophages showed less migration than those exposed to WT macrophage-conditioned medium ( Figure 4C ). To test a relative contribution of soluble factors secreted by macrophages to SMC and endothelial cell functions, neutralizing antibodies (anti-VEGF and anti-TGFβ) were used to block corresponding factors in WT macrophage supernatant. As expected, the neutralizing antibodies diminished the effect of WT macrophage supernatant on SMC and endothelial cell ( Figure 4A through 4C) , indicating that macrophage impacts the behavior of SMC and endothelial cell through secretion of growth factors. Collectively, these data show that the ability of macrophages from AMPKα1 −/− mice to promote the recruitment and growth of the 2 main cellular components of arteries is reduced compared with that of WT macrophages, and the reduction is attributed to AMPKα1 −/− macrophage-secreting less growth factors.
Impairment of Arteriogenesis Is Because of AMPKα1 Deficiency in Macrophages
To more precisely assess the intrinsic role of AMPK in macrophage function, and to demonstrate whether the impairment of arteriogenesis in AMPKα1 −/− mice is macrophage dependent, myeloid specific, AMPKα1-deletion mice (called macrophage-specific knockout mice) were generated by breeding Lysozyme Cre and AMPKα1 flox/flox mice and were subjected to femoral artery ligation as was done in the global AMPK knockout mice. Blood flow perfusion was monitored after ligation at different times. As shown in Figure 5A and 5B, hindlimb perfusion recovery was attenuated in AMPKα1flox/ flox; Lys Cre mice, compared with littermate controls. In addition, compared with control mice at day 7 after ligation, collateral modeling in AMPKα1flox/flox; Lys Cre mice was markedly decreased ( Figure 5E and 5F) in parallel with an increase in calf muscle necrosis ( Figure 5C and 5D ). Taken together, these results suggest that AMPKα1 deletion impairs arteriogenesis by regulating the amount and function of monocytes and macrophages in ischemic tissues.
Decreased Expression of Growth Factors in Macrophages Under Hypoxia Conditions In Vivo and In Vitro
To further demonstrate that AMPKα1 deletion influences growth factor generation in macrophages in vivo, we performed immunofluorescence staining of TGFβ or FGF2 and macrophage markers in ischemic adductor tissues to observe vascular growth factors in macrophages in situ. As shown in Figure 6A through 6D, TGFβ and FGF2 levels were reduced in macrophages from AMPKα1 −/− mice when compared with those in WT mice. We also analyzed VEGF, TGFβ, FGF2, and bone morphogenetic protein 4 (BMP4) levels in ischemic adductor tissue by Western blot. As depicted in Figure VA and VB in the online-only Data Supplement, proangiogenic factors were reduced in ischemic settings in AMPKα1 −/− mice in comparison with WT mice. In contrast, the level of BMP4, a TGFβ signal pathway, was comparable between the 2-genotype mice. To mimic ischemia and hypoxia condition in vivo, BMDMs were exposed to 1% oxygen for 3 hours. In agreement with in vivo findings, Western blot showed that hypoxia activated both AMPK and nuclear factor κB (NF-κB) pathways ( Figure 6E ) and increased TGF-β, FGF2, and FGF21 levels ( Figure 6G ). However, under hypoxia condition, increase of TGF-β, FGF2, and FGF21 in AMPKα1 −/− macrophages was much less when compared with increases in WT macrophages ( Figure 6G and 6H), suggesting that AMPKα1 deletion mitigates expression of vascular growth factors in macrophage response to hypoxia. In addition, hypoxia-inducible factor (HIF)-1α levels was significantly reduced (P<0.05) in macrophages from AMPKα1 −/− mice under both normoxia and hypoxia conditions ( Figure 6E ), indicating that AMPK may be involved in HIF1α stability in macrophages.
NF-κB Regulates Growth Factor Expression in Macrophages
We reasoned that the mechanism by which AMPKα1 deletion impairs growth factor expression in macrophages might involve NF-κB because this signaling molecule is not only a central regulator of the stress response but also a transcription factor for many genes. To test whether NF-κB regulates TGFβ1 and FGF2 gene expression, human embryonic kidney 293T (HEK293T) cells were cotransfected with plasmids containing a TGFβ1 promoter reporter and NF-κB p65. The luciferase activity assay showed that NF-κB p65 significantly increased TGFβ1 promoter activity ( Figure 7A ), indicating that NF-κB may function as a transcription factor for TGFβ1.
AMPKα1 Deletion Leads to Reduction of NF-κB Transcription Factor Activity in Macrophages
To test whether AMPKα1 deletion leads to a reduction of NF-κB activity in macrophages, the nuclear fraction was isolated from BMDMs and subjected to Western blot, to determine the level of phosphorylated NF-κB P65 (on residue serine 536). A distinct reduction in phospho-NF-κB P65 serine 536 levels was observed in AMPKα1 −/− BMDMs, compared with WT ( Figure 7B ). Subsequently, we utilized an electrophoretic mobility shift assay to assess the DNA-binding ability of NF-κB in macrophages. As shown in Figure 7C , the DNA-binding affinity of NF-κB was modestly reduced in BMDMs from AMPKα1 −/− mice when compared with those from WT mice. To explore NF-κB transcription factor activity in AMPKα1 −/− macrophages under ischemic conditions in vivo, we analyzed NF-κB activity in macrophages under hypoxic conditions in vitro to mimic ischemic condition in vivo. We found that NF-κB activity is noticeably lower in AMPKα1 −/− macrophages than in WT macrophages under hypoxic conditions ( Figure 7D ). Taken together, these results suggest that AMPKα1 deletion impairs NF-κB activation in the macrophage response to hypoxic stress. 
AMPK Directly Phosphorylates Inhibitor of NF-κB Kinase α Threonine 23
We next tested how AMPKα1 regulates NF-κB activation in macrophages, and whether phosphorylation of inhibitor kappa B kinase alpha (IKKα) at threonine 23 affects NF-κB activity and function. AMPK is a Thr/Ser protein kinase that can phosphorylate various kinds of substrates, including acetylCoA carboxylase, endothelial nitric oxide synthase, Unc-51 like autophagy activating kinase 1, tuberous sclerosis complex 2, and mammalian target of rapamycin to regulate all aspects of cellular function, including autophagy, cell polarity, cell growth, and cell proliferation. Based on the consensus site of the substrate recognized by AMPK 20 ( Figure 8A ), we speculated that AMPK might directly phosphorylate IKK. To test this, we first measured total threonine/serine phosphorylation of IKK in BMDMs. As depicted in Figure 8B , AMPKα1 may increase IKKα threonine phosphorylation, but not that of serine or IKKβ. Next, we determined whether AMPKα1 directly phosphorylates IKKα, and which threonine residues in the IKKα protein are phosphorylated, by measuring AMPK kinase activity in vitro. As shown in Figure 8C , recombinant AMPKα1/β1/γ1 may significantly increase the phosphorylation of recombinant IKKα protein at threonine 23, suggesting that AMPK may directly phosphorylate IKKα at Thr23.
To further confirm Thr23 of IKKα as the phosphorylation target of AMPKα1, we generated a site-directed mutant construct of IKKα (threonine to alanine, T23A). HEK293 cells were transfected with IKKα or the IKKα T23A mutant. After the transfection, they were treated with A769662, a selective activation for AMPK. As expected, A769662 promoted AMPK phosphorylation at Thr172 in cells transfected with IKKα or the IKKα T23A mutant ( Figure 8D ). IKKα phosphorylation at Thr23 was markedly increased in cells transfected with WT IKKα, but not in those transfected IKKα mutants ( Figure 8D ), confirming that threonine 23 is the target of AMPKα threonine phosphorylation.
To further test whether AMPKα1 directly phosphorylates IKKα threonine 23 in cells in vivo, we measured the levels of IKKα Thr 23 phosphorylation in WT and AMPKα1 −/− peritoneal macrophages and BMDMs. We observed significantly decreased levels of Thr 23 phosphorylation in AMPKα1 −/− compared with WT macrophages (Figure 6E and 8E) under both normoxic and hypoxic conditions.
Discussion
In the present study, we have demonstrated that AMPKα1 plays an essential role in the arteriogenesis of collateral remodeling. We found that the AMPKα1 knockout mouse displayed a manifest decrease in the restoration of blood flow after femoral artery ligation. Histological evaluation revealed defects in arteriogenesis as a result of impaired collateral remodeling. An AMPK α1 flox/flox; Lyz-Cre mouse, in which AMPK α1 was deleted in macrophages, exhibited similar phenotypes in terms of blood flow recovery and remodeling of collateral arterioles, suggesting macrophage AMPK as a regulator for arteriogenesis. We further found less accumulation of AMPKα1 −/− macrophages in the arteriogenesis setting and lower levels of growth factor production in AMPKα1 −/− macrophages. In addition, we demonstrated that AMPK directly phosphorylates IKKα and subsequently activates NF-κB, which functions as a transcription factor for TGFβ.
The most important finding in this study was that macrophage AMPK plays an essential role in arteriogenesis through its regulation of growth factor generation. We did observe a decrease in macrophage accumulation and macrophage growth factor generation in AMPKα1 −/− mice and further generated macrophage-specific AMPKα1 −/− mice to demonstrate that the impairment of arteriogenesis can be attributed to the loss of macrophage AMPK. The data from both global knockout and AMPK α1 flox/flox; Lyz-Cre mouse models suggest that macrophage AMPK is important in growth factor generation and arteriogenesis.
Another important finding is how AMPK regulates the production of growth factors. We revealed that AMPK regulates NF-κB activation through the phosphorylation of threonine 23 on IKKα (IκB kinase), which in turn phosphorylates IκBα in macrophages under either hypoxic or normoxic conditions. Next, we validated that NF-κB as a transcription factor can bind to the TGFβ promoter to enhance its expression ( Figure 7 ). On deletion of AMPKα1 in macrophages, the ability of macrophages to generate growth factors was markedly reduced. This link between AMPK, NF-κB, and growth factor levels, to our knowledge, has not yet been reported. Indeed, monocytes/macrophages have long been thought to be crucial to arteriogenesis, in part, because of their production of VEGF and FGF2. 29 Apart from VEGF and FGF2, we found that there were significantly decreased levels of TGFβ, FGF21, and platelet-derived growth factor subunit B in AMPKα1-deficient macrophages compared with WT macrophages, not only under hypoxic but also under normoxic conditions.
Although studies have reported that TGFβ expression is increased in growing collaterals and that local application of −/− macrophages. A, Luciferase assay measuring NFκB P65 activation of transforming growth factor (TGF)-β promoter: the data are from 3 independent experiments. B, Phospho-P65 levels were detected by Western blot in nuclear fractions isolated from bone marrow-derived macrophages (BMDMs), and histone H2AX was used as the loading control for the nuclear fraction. The blot is a representative of 3 blots from 3 independent experiments (n=3). C, The nuclear fraction was isolated from BMDMs and mononuclear cells, and NF-κB activity was detected by electrophoretic mobility shift assay (n=3). D, BMDMs were subjected to hypoxia (1% O 2 ) for 1 h, and NF-κB activity was determined using the NF-κB activity kit (*P<0.05 vs WT, #P<0.05 vs normoxia), data from 3 independent experiments (n=3).
exogenous TGFβ might foster arteriogenesis, [30] [31] [32] the generation and regulation of TGFβ is elusive. Our findings show that macrophages express high levels of TGFβ and that AMPK affects its expression via the regulation of NF-κB. However, emerging studies indicate that AMPK signaling can suppress the inflammatory responses induced by the NF-κB system. 33, 34 NF-κB subunits are not direct phosphorylation substrates of AMPK; rather, the inhibition of NF-κB signaling is mediated through its downstream targets, eg, SIRT1 (NAD + -dependent histone deacetylase 1), PGC-1α (peroxisome proliferator-activated receptor-γ coactivator-1α), p53, and FoxO1,3 in different cell types. 35 Previous studies [36] [37] [38] mainly focused on endothelial NF-κB and found that NF-κB was a key regulator of adult and developmental arteriogenesis and collateral formation. Shear stress 7 and inflammation 8, 13 have long been considered key drivers for arteriogenesis in adult tissues. During arterial occlusion, increased shear stress causes NF-κB activation in the endothelium. This activation of the endothelial NF-κB cascade can augment the expression of adhesion molecules to recruit blood-derived monocytes/macrophages. Although endothelial NF-κB is squarely at the center of both developmental and adult arteriogenesis, 36, 39 we focused on the mechanism underlying the activation of recruited monocytes/macrophages during adult arteriogenesis. We found that AMPKα1 deletion results in decreased NF-κB activity, which subsequently leads to a lack of macrophage-secreting growth factors, thereby affecting the interaction between macrophages and SMCs/endothelial cells. In this regard, macrophage NF-κB also plays an important role in arteriogenesis. However, AMPK might play additional roles in other cell types (such as endothelial cells) in response to fluid shear stress, hypoxia, and ischemic condition during arteriogenesis and angiogenosis. Both in vivo and in vitro studies [40] [41] [42] indicate that AMPK might be activated by hypoxia, ischemia, and fluid shear stress in endothelial cells, with the subsequent interplay between AMPK, SIRT1, and endothelial nitric oxide synthase performing an atheroprotective function. Findings in this study demonstrate that hypoxia activates macrophage AMPK and sequentially increases generation of growth factors that are beneficial for arteriogenesis and angiogenesis ( Figure 6 ). Moreover, we found that small-molecule AMPK activator, A769662, enhances NF-κB signal, and increases TGFβ level in macrophage ( Figure 8E ), indicating AMPKα1/β1/γ1 complex for 15 min at 37°C in kinase buffer. The substrate was subjected to Western blot to determine phosphorylated threonine levels using the antiphospho-threonine/serine antibody as a probe. Top, Phospho-IKKα/β threonine levels, and the bottom shows phospho-IKKα/β IKKβ serine levels. The blot is representative of 3 blots from 3 independent experiments (n=3). C, Recombinant IKKα as substrate was incubated with recombinant AMPKα1/β1/γ1 complex for 15 min at 37°C in kinase buffer. Anti-IKKα Thr23 was used as a probe, and Western blot was performed to determine the phospho-IKKα Thr23 levels. The blot is representative of 3 blots from 3 independent experiments (n=3). D, HEK293T cells were cotransfected with a plasmid encoding IκB α, and a plasmid encoding IKKα wild-type (WT) or the IKKα T23A mutant for 24 h and then treated with the AMPK activator A769662 for 3 h. Western blot was utilized to measure the phospho-IKKα Thr23 level in the treated cells. The blot is representative of 3 blots from 3 independent experiments (n=3). E, BMDMs were treated with A769662 for 3 h, cell lysates were subjected to Western blot to determine the levels of phospho-IKKα Thr23, phospho-IκB α Ser 32, and TGFβ. ACTB indicates actin beta.
that activation of macrophage AMPK is helpful for neovascularization. However, the clinical application of macrophagespecific AMPKα1-selective pharmacological activator is unclear because this molecule may promote proinflammatory and atherogenic signaling mechanisms in other organs.
Consistent with recent studies, which have suggested that HIF levels are controlled by transcription factor NF-κB and that NF-κB can stabilize HIF1α levels both under hypoxic and normoxic conditions, [43] [44] [45] our findings demonstrated that the HIF1α levels in AMPK −/− macrophages are significantly lower than those in WT macrophages under both normoxia and hypoxia, indicating that AMPK might regulate VEGF levels indirectly through the NF-κB -HIF1α pathway.
In summary, we found that macrophage AMPKα1 plays an important role in the regulation of adult arteriogenesis and the formation of collateral circulation via-NF-κB signaling and through the control of monocyte-macrophage production of TGF-β, platelet-derived growth factor subunit B, FGF2, and VEGF.
